A standard method for measurement of airborne environmental endotoxin was developed and field tested in a fiberglass insulation-manufacturing facility. This method involved sampling with a capillary-pore membrane filter, extraction in buffer using a sonication bath, and analysis by the kinetic Limulus assay with resistant-parallel-line estimation (KLARE). Cross-validation of the extraction and assay method was performed by comparison with methanolysis of samples followed by 3-hydroxy fatty acid (3-OHFA) analysis by gas chromatography-mass spectrometry. Direct methanolysis of filter samples and methanolysis of buffer extracts of the filters yielded similar 3-OHFA content (P = 0.72); the average difference was 2.1%. Analysis of buffer extracts for endotoxin content by the KLARE method and by gas chromatography-mass spectrometry for 3-OHFA content produced similar results (P = 0.23); the average difference was 0.88%. The source of endotoxin was gram-negative bacteria growing in recycled washwater used to clean the insulation-manufacturing equipment. The endotoxin and bacteria become airborne during spray cleaning operations. The types of 3-OHFAs in bacteria cultured from the washwater, present in the washwater and in the air, were similar. Virtually all of the bacteria cultured from air and water were gram negative composed mostly of two species, Deleya aesta and Acinetobacterjohnsonii. Airborne countable bacteria correlated well with endotoxin (r2 = 0.64).
Although airborne endotoxin is pervasive in the environment, efforts to study health effects of inhaled endotoxin and to regulate occupational exposures are hampered by a lack of standardized and validated methods for sample collection and analysis. Elevated levels of endotoxin have been measured in agriculture (6) , the biotechnology industry (25) , office buildings (37) , and swimming pools (21) . Work environments with high endotoxin levels include cotton mills (14, 33) , grain storage and processing buildings (7, 26) , farm animal barns (6, 24, 40) , sewage treatment plants (15) , industrial water recycling systems (8) , and humidified work areas (36) . Experimental studies in humans exposed to cotton dust aerosols found acute effects on lung function correlated with endotoxin but not with dust concentration (2, 36) .
Inhalation of endotoxin at elevated concentrations has been associated with mill fever (23) , byssinosis (3), humidifier fever (35) , acute airway obstruction in agricultural workers (6) , hypersensitivity pneumonitis (9, 32) , and reduced baseline lung function (14) . Therefore, recommendations have been made to limit exposure to this agent (13, 25, 33) . At least one study of very high exposures, however, failed to find adverse effects (29) , and several epidemiologic studies did not find an exposure-response relationship for endotoxin and acute airflow obstruction (3, 14, 34) . Consistent, standardized methods to measure and quantify exposure to environmental endotoxin have not been established. Also, standard procedures for the sampling of environmental endotoxin have not been fully developed. Filter media have not been specified, and little research has been undertaken to compare sampling and analysis methods in the same environment (13) . These factors may explain some of the inconsistencies among previous studies.
Analysis and quantification of structural components of lipopolysaccharide (LPS), such as 3-hydroxy fatty acids (3-OHFAs), can provide useful information concerning the total amount of LPS or endotoxin in environmental samples (16, 22, 38) . Other benefits include the partial identification of gramnegative bacterial species and estimates of the amount of bacterial mass present (17) . It is possible, however, that LPS may be present in partially degraded or denatured form in some environments, for example, detergent-water mixtures. Under these conditions, analysis of 3-OHFA content may detect LPS with reduced or altered biological activity.
In the Limulus assay, potency of an endotoxin sample is highly correlated with pyrogenicity (27) ; Limulus amebocyte lysate (LAL) will not react with denatured LPS. However, some lysates can give false-positive results, suggesting the presence of endotoxin even in the absence of LPS, as confirmed by the absence of 3-OHFAs (16) . A recent comparison of airborne endotoxin content of agricultural samples estimated by gas chromatography-mass spectrometry (GC-MS) analysis of 3-OHFA and with Limulus methods suggested that the Limulus method underestimated endotoxin by many orders of magnitude (38) . Thus, further cross-validation of methods using improved Limulus assay methods is important.
modified Litmulus method used for the study, the kinetic Limol/us assay with resistant-parallel-line estimation (KLARE) method (20) , are compared with estimates from an alternative extraction and GC-MS method for 3-OHFA (38) . Endotoxin measurements are also compared with culturable and total bacterial counts. Additionally, the source of the bacterial and endotoxin contamination, the recycled washwater, was analyzed and compared with air samples taken from the proximity of the washwater cleaning operations or high-mist areas and, ultimately, with air in the manufacturing plant to which workers are exposed. (5) . The rate of turbidimetric lysate was scaled to the maximum OD from the highest standard endotoxin concentration to compensate for significant variation of maximum OD among wells. The rate response was chosen because it gave improved sensitivity to low endotoxin concentrations and appears to be less affected by interfering compounds than the previously reported onset method (30) .
MATERIALS AND METHODS
The log potency and its variance were computed by using resistant regression. Interference was detected by analysis of covariance, and a standard algorithm succeeded in eliminating such effects (20) . No data were discarded as invalid due to interference. All results are reported as equivalent amounts of EC5 reference standard endotoxin (U.S. Pharmacopia, Inc.). Figure 1 at an inlet pressure of 7 lb/in2, and the temperature of the column was programmed from 120 to 260°C at 20°C/min. Both the injector and the interface (between GC and MS) were kept at 260°C. Trimethylsilyl derivatives were analyzed in the El mode (ion source temperature, 220°C), and pentafluorobenzoyl derivatives were analyzed in the NICI mode with an ion source temperature of 150°C. Isobutane (10 lb/in2) was used as the reagent gas; ionization was performed at 70 eV (18) .
Results are presented as the relative areas of ion responses (percent GC-MS response) for 3-OHFAs with 10, 12, 14, 16, or 18 carbons. The mass of endotoxin in each sample was estimated from the GC-MS analysis of 3-OHFA content by assuming that each mole of LPS contained 4 mol of 3-OHFA (39) and that the average molecular weight of the LPS was 8,000 (28, 31, 41 Gram-negative isolates were subcultured on tryptic soy agar (Difco, Detroit, Mich.) for identification, using the Microlog Manual Bacteria Identification System (Biolog, Inc., Hayward, Calif.). Two species were predominant in most of the cultured samples in both the washwater and the mist. These two species were isolated and further cultured separately in nutrient broth. After sufficient growth, the bacteria were harvested by centrifugation followed by lyophilization.
Standard procedure included the use of blank samples. Laboratory blanks, samples (filter and cassette holders) that remained in the laboratory after assembly, were analyzed to assure that only clean filters were used for sampling. Field blanks were processed by using the same Endotoxin was extracted from cassettes and backing pads, using the standard buffer and sonication method. The backing pads were removed from the cassette, extracted, and assayed by the same procedure used for the filters. The inside surfaces of the polystyrene cassettes were extracted by placing 8 ml of buffer into the cassette inlet, plugging the openings, and sonicating for 60 min in a 20°C bath.
Extracts for GC-MS analysis of fatty acids were made by two methods. First, buffer extracts prepared for the Limulus assay were lyophilized and then subjected to methanolysis. Alternatively, polycarbonate filters were directly subjected to methanolysis without prior buffer extraction. The procedure consisted of adding 50 ng of the internal standard 3-OH-13:0 to the sample (lyophilized extract or filter) in a glass reaction vessel. One milliliter of 3.6 M methanolic HCl, prepared by adding acetyl chloride dropwise to methanol (7.5 ml), was added, and the sample was heated to 100(C for 18 h. The hydroxy acid methyl esters formed were extracted and purified by silica gel column chromatography as described before (19) . Pentafluorobenzoyl derivatives of the 3-OHFA methyl esters were formed by adding 30 (Lotus Development Inc., Cambridge, Mass.) was used for data analysis and data management.
RESULTS
Characteristics of source washwater. Essentially, all bacteria in the washwater were gram negative. A total of six different genera were identifiable over the course of the study (Acinetobacter, Deleya, Methylobacterium, Comamonas, Pseudomonas, and Gluconobacter). However, A. johnsonii and D. aesta were the most frequently identified bacterial species from both washwater and mist in the proximity of the washwater spray.
Other species were only identified once. A. johnsonii is commonly found in soil, water, and sewage and on the skin (1). D. aesta was originally isolated from seawater, and members of the genus are thought to have an absolute sodium requirement; the predominance of this species may reflect the relatively high ionic strength of the washwater. Table 1 shows total CFU and endotoxin concentrations in the washwater.
Characterization of mist area air contaminants. Bacteriological measurements in the high-mist area were made to more fully characterize the aerosol. Table 1 also shows total countable and culturable bacteria and endotoxin (KLARE method) results for the mist. Comparison of the concentrations of endotoxin and culturable bacteria in the washwater with that in the mist indicates a much lower concentration of culturable bacteria in the mist than would have been predicted by endotoxin concentrations in the mist. Figure 2 plots multiple parameters from seven sets of replicate samples taken of washwater and air in a high-mist area over a 6-week period.
Generally, the microbial parameters of the washwater and mist were consistent over the 6-week study. These parameters varied only within I to 2 orders of magnitude during the study. Because these parameters displayed so little variability, the ratio of endotoxin to cultured bacteria in the washwater was also reasonably constant.
3-OHFA assay. Figure 3A shows the relative GC-MS response for each of the 3-OHFAs in washwater samples from three locations. The predominant moiety was 3-OH-12:0. The 3-OH-14:0 moiety was not detected in two area samples and was present at a low percentage in the third. over 50% of the total was 3-OH-10:0 and over 35% was 3-OH-I 2:0.
The 3-OHFA composition of the mist in the immediate proximity of the washwater spraying operations is shown in Fig.  3C . The fatty acid composition of the mist is similar to that of the washwater (Fig. 3A) and the isolated bacteria (Fig. 3B) . The 3-OH-12:0 and 3-OH-10:0 moieties also predominate in the airborne mist. No significant amount of 3-OH-14:0 was present in either isolated bacteria or any of the washwater or airborne mist samples.
Extraction efficiency. The effectiveness of endotoxin extraction by an aqueous buffer was compared with direct extraction of 3-OHFAs by methanolysis of samples collected on polycarbonate membrane filters. Figure 4 allows comparison of airborne endotoxin concentrations estimated from the 3-OHFA content of both the aqueous extracts and the filters subjected to direct methanolysis.
The two extraction methods are in close agreement when analyzed by GC-MS for 3-OHFA content. In three locations, the direct methanolysis produced slightly higher estimates, and in two locations (a total of three samples) the aqueous extracts were slightly greater. The difference between the two extraction methods was not significant (mean = 2.1%; P = 0.72).
Comparison of the aqueous extract with the direct methanolysis indicates that the aqueous buffer extraction of polycarbonate membrane filters is highly efficient.
Comparison of analysis methods. Figure 5 shows the endotoxin content of aerosol samples estimated with the GC-MS and KLARE methods. For this comparison, endotoxin is expressed as nanograms of LPS as described above. The two methods agree in most sets, and no consistent pattern of difference has been noted between them. The difference between the two analytical methods was not significant (mean = 0.88%; P = 0.23). The March sampling program also included sampling in some locations with lower ambient air endotoxin concentrations. These locations had concentrations of less than 15 ng/m3, below the limit of detection by GC-MS. Therefore, only comparisons based on high-mist areas are shown.
The estimated endotoxin content of the two isolated bacterial species by the GC-MS and KLARE methods is displayed in Fig. 6 . Again, the two methods show close agreement for the isolated bacteria. Fig. 8 Laboratory and field blanks were taken frequently, often in replicate, and were assayed blindly with other samples. The analysis of 42 blanks for endotoxin produced a geometric mean of 0.072 ng/m3 and an arithmetic mean of 0.24 ng/m3, using a nominal sample volume (0.36 m3), typical to the study.
Cassette holder and backing pad loss. Table 2 quantifies the endotoxin levels collected on the inside of the polystyrene sampling cassette and the percentage of recovered endotoxin that penetrated the filter and reached the backing pad. The amount of endotoxin deposited on the inside walls of the cassette represents a significant portion of the total sampled, particularly in the dry areas. It appeared that high humidity levels may greatly reduce the quantity of endotoxin deposited on the cassette walls. The backing pad did not contain significant endotoxin.
DISCUSSION
Of the biological methods presented in this cross-validation paper, only direct measurement of endotoxin could be readily and reliably employed for personal air sampling to assess worker exposure. The standard Limulus procedure produced highly reproducible results, using 4-h micellar structure and the size distribution of the micelles), the size of the polysaccharide, the quantity and types of 3-OHFA present, the arrangement of the 3-OHFAs in the lipid A molecule, and the presence of phosphates on the diglucosamine backbone structure (10, 39, 41) . The KLARE method was designed to minimize these effects to the extent possible by control of pH, ionic strength, and sonication with triethylamine. Yet, while correlation was expected, the degree of quantitative agreement may depend on the specific organisms or on the structure of the LPS, in particular, the number and types of 3-OHFA present.
The source of the endotoxin was a washwater that contained essentially only gram-negative bacteria. The 3-OHFA composition of the washwater, the mist, and the bacteria isolated from the washwater and mist were essentially identical. Thus, the high correlation between airborne total countable bacteria and endotoxin was anticipated. Research on measurement techniques for environmental endotoxin is motivated by a desire to determine whether inhaled endotoxin has an association with adverse health effects. Consistent associations between inhaled environmental endotoxin and health effects have not been established. The difficulty that may be encountered in determining and generalizing such relationships can be appreciated in the literature on the relation of the Limulus assay with the rabbit pyrogen test for environmental endotoxin and the relationship of the rabbit pyrogen test to pyrogenicity in humans. Pearson et al. (27) found that the Limulus assay overestimates the pyrogenicity of environmental endotoxin for rabbits. And, earlier work by Greisman and Hornick (11) found that humans and rabbits shared a similar threshold for pyrogenicity for pure LPS but exhibited very different dose-response relationships above the threshold.
Given these difficulties, generalizing the high degree of cross-validation that occurred in this investigation to other environmental endotoxins would not be wise. Therefore, future work is needed to provide comprehensive characterization of endotoxin exposures. These efforts can be directed at resolving uncertainties in endotoxin measurement and ultimately in its association with health effects.
